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█chiral Zn(II) cages 
Trinuclear cage-like Zn(II) macrocyclic complexes: enantiomeric 
recognition and gas adsorption properties. 
Jan Janczak[a], Daniel Prochowicz[b], Janusz Lewiński[b], David Fairen-Jimenez[c], Tomasz 
Bereta [d] and Jerzy Lisowski*[d] 
 
Introduction 
The synthesis of robust porous networks that can be achieved by 
noncovalent-driven self-assembly processes has attracted special 
attention in recent years.[1] Although a variety of robust 
noncovalent porous materials (NPMs) derived from discrete 
organic molecules[2] and molecular metal complexes[3] have been 
prepared, the synthesis of homochiral NPMs is highly challenging. 
To date, a few examples including mononuclear,[4] dinuclear[5] 
and high-nuclearity metallamacrocycle[6] chiral systems with 
permanent porosity have been reported. Such homochiral porous 
molecular assemblies opens the way for guest-responsive 
materials[7] that can compete with classical MOFs as highly 
selective adsorbents exhibiting enantioselective and gas sorption 
properties.[4,5] 
Enantiopure 3+3 macrocycles derived from 1,2-trans-
diaminocyclohexane and aromatic dialdehydes are versatile chiral 
ligands for coordination of various metal ions.[8-10]. Similar 3+3 
macrocycle derived from 1,2-diaminobenzene was used to obtain 
metal-macrocycle frameworks with enantiomeric pairs of guest 
binding pockets.[11] We have recently shown that the triphenolic 
3+3 Schiff base macrocycle derived from 1,2-trans-
diaminocyclohexane, H31, or its enantiomer H32, form trinuclear 
Zn(II) complexes. In these compounds two deprotonated 
macrocyclic units are connected by metal ions effectively forming 
a cage-like molecule [Zn312] with the interior occupied by solvent 
molecules (Scheme 1).[8] In that respect [Zn312] resembles larger 
metal-seamed nanocapsules based on two pyrogallol[4]arenes 
connected by Zn(II) ions.[12] Both complexes belong to a class of 
hollow molecules constructed from metal ions and organic 
fragments, referred to as metal-organic containers, metallo-
supramolecular capsules or metallocavitands.[12-14] These 
compounds attract increasing attention as host for various guest 
molecules. Although the rather small volume of the interior of 
[Zn3L2] (L = 1 – 4) complexes limits the number of potential 
organic guests, the container-like structure of these complexes 
suggests the possibility of gas capture based on intrinsic 
microporosity after removal of solvent guest molecules. 
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Abstract: Three zinc(II) ions in combination with two units of 
enantiopure 3+3 triphenolic Schiff base macrocycles 1, 2, 3 
or 4 form cage-like chiral complexes. The formation of these 
complexes is accompanied by the enantioselective self-
recognition of chiral macrocyclic units. The X-ray crystal 
structures of these tricuclear complexes show hollow metal-
organic molecules. In some crystal forms, these barrel-
shaped complexes are arranged in a window-to-window 
fashion which results in formation of 1-D channels and 
combination of intrinsic porosity with extrinsic porosity. The 
microporous nature of the [Zn312] complex is reflected in its 
N2, Ar, H2 and CO2 adsorption properties. The N2 and  
Ar adsorption isotherms showed pressure gating behaviour 
which is without precedent for any noncovalent porous 
material. The comparison of the structures of the [Zn312] and 
[Zn332] complexes with that of the free macrocycle H31 
reveals a striking structural similarity. In the latter compound 
two macrocyclic units stitched together by hydrogen bonds 
form a cage very similar to that formed by two macrocyclic 
units stitched together by Zn(II) ions. This structural similarity 
is manifested also by the gas adsorption properties of the 
free H31 macrocycle. Recrystallization of [Zn312] in the 
presence of racemic 2-butanol results in enantioselective 
binding of the (S)-2-butanol inside the cage via coordination 
to one of Zn(II) ions. 
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Scheme 1. Schematic representation of the protonated forms of the 3+3 and 
2+2 macrocycles and the formation of the trinuclear container-like [Zn3L2] 
complexes. 
Herein, we report a comprehensive study on the synthesis, 
molecular and crystal structures, and gas adsorption properties of 
a series of cage-like homochiral complexes derived from 
enantiopure 3+3 triphenolic Schiff base macrocycles. We also 
show that the formation of [Zn3L2] complexes is accompanied by 
enantiomeric self-recognition. Enantiomeric self-recognition, 
called also homochiral self-sorting is a kind of self-sorting 
phenomena that attracts increasing attention in various areas of 
chemistry, including inorganic chemistry.[15] In particular, the 
coordination of chiral ligands to a central metal ion accompanied 
by self-sorting of enantiomers is observed only in rare cases.[16] 
Here demonstrate that such self-sorting of enantiomers of 
macrocyclic ligand is operating also in the case of trinuclear 
complexes. We also demonstrate that enantiomeric recognition 
plays a role in binding of chiral alcohols, such as 2-butanol, by 
[Zn3L2] complexes. 
Results and Discussion 
Synthesis of the [Zn3L2] and [Zn2L
’
] complexes; 
enantiomeric-self recognition of the 3+3 macrocyclic 
ligands 
Trinuclear [Zn3L2] (L = 1 – 4) complexes can be easily obtained in 
methanol starting from the appropriate 3+3 Schiff base 
macrocycles H3L and zinc(II) acetate used in a 2:3 ratio. In the 
case of the new derivatives [Zn332] and [Zn342] with methyl 
substituents on the aromatic ring the yields (34%) are lower in 
comparison with the derivatives [Zn312] and [Zn322], which 
possess the tert-butyl substituents. As we have reported 
previously,[8] the [Zn312] complex can be also obtained in a direct 
template condensation of (1R),(2R)-trans-diaminocyclohexane 
and 2,6-diformyl-4-tert-butyl-phenol, provided 0.5 equivalent of 
Zn(II) acetate per 1 equivalent of diamine and 1 equivalent of 
dialdehyde is used. On the other hand, the application of 1 
equivalent of Zn(II) template leads to the formation of dinuclear 
Zn(II) complex [Zn25(AcO)2] of a smaller 2+2 macrocycle. Such a 
situation corresponds to a unique control over the size of the 
formed macrocycle by the amount of the used template ion 
(Scheme 2). In the case of the new derivative of 4-methyl-2,6-
diformylphenol this selectivity is less pronounced; while the 
application of 1 equivalent of Zn(II) leads selectively to a 
dinuclear complex [Zn26(AcO)2] of a 2+2 macrocycle (51% 
isolated yield), the application of 0.5 equivalent of Zn(II) in a 
template synthesis leads to a mixture of trinuclear Zn(II) complex 
of a 3+3 macrocycle [Zn332], dinuclear Zn(II) complex of a 2+2 
macrocycle [Zn26(AcO)2] and the free 3+3 macrocycle H33. These 
products can be easily distinguished by their NMR spectra, those 
of [Zn332] and H33 indicate C3 symmetry, in contrast to the 
spectrum of [Zn26(AcO)2] indicating D2 symmetry (Figures S1-S3). 
The selective formation of [Zn3L2] complexes seems to be 
governed by factors such as solubility and formation of kinetic 
products. In the case of [Zn332] (or [Zn342]) complex the influence 
of these factors can be illustrated by the outcome of the reaction 
of 2 equivalents of 3+3 macrocycle and 3 equivalents of Zn(II) 
acetate in methanol or chloroform. While in the former solvent the 
trinuclear Zn(II) complex can be obtained, in the latter solvent 1.5 
equivalents of dinuclear 2+2 complex [Zn26(AcO)2] was formed 
and 1 equivalent of the free 3+3 macrocycle H33 remained 
unreacted, as indicated by 1H NMR spectrum of the crude 
reaction mixture. This result corresponds to the cleavage and 
rearrangement of the macrocylic Schiff base, similarly as it was  
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Scheme 2. The influence of the amount of Zn(II) template on the size of the 
macrocycle formed in the reaction of 1,2-trans-diaminocyclohexane (green) and 
4-tert-butyl-2,6-diformylphenol (red). 
observed previously for other 3+3 Schiff base macrocycles.[17] It 
should be mentioned, however, that the [Zn3L2] (L = 1 – 4) 
complexes once formed are relatively stable. For instance, 
heating the solutions of these cage complexes in CDCl3 at 328 K 
for 10 days results in ca. 5 % decomposition only. 
To further investigate the inertness of the [Zn3L2] complexes 
we measured the ROESY spectrum of a mixture of [Zn342], 
[Zn322] and H34 (Figure S4). This spectrum does not show 
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exchange-type correlations between the signals of the complexed 
and free macrocycle, hence the dissociation of the cage complex 
is slow on the time scale of the NMR experiment. Moreover, this 
spectrum indicates different rigidity of the free and complexed 
macrocycles despite their very similar conformations. In the case 
of free H34 clear exchange-type correlations of the two different 
imine signals or the two different aromatic signals can be 
observed (Figure S4). The presence of pairs of aromatic and 
azomethine signals are in accord with the s-trans conformation of 
the bis-imine fragment and the observed exchange-type 
correlation signals confirm the correlated bond rotation around 
the macrocycle.[18] Analogous correlations are not observed for 
the pairs of signals of [Zn342] indicating more rigid nature. This 
difference can be for instance explained by correlated bond 
rotation of the free macrocycle accompanied by inside-out 
rearrangement (Figure S4); this mechanism would not operate for 
[Zn342] because the cone conformation of the Schiff base 
macrocycle is frozen by cage formation. 
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Figure 1. ESI MS spectra of the mixture of trinuclear complexes obtained using 
two different macrocycles of the opposite chirality (top) and two different 
macrocycles of the same chirality (bottom). 
The enantiopure nature of the newly synthesized complexes 
is reflected in their mirror-like CD spectra (Figure S5). The crystal 
structures of the [Zn3L2] complexes (vide infra) indicate quite 
close contacts of the two macrocyclic units based on shape 
complementarity. In order to verify whether chirality plays a role in 
this complementarity, we have reacted 3 equivalents of Zn(II) 
acetate with a pseudo-racemic mixture consisting of 1 equivalent 
of H32 and 1 equivalent of H33. The ESI mass spectrum of the 
resulting mixture of products indicated the trinuclear complex 
[Zn332] of the macrocycle with methyl substituents and the 
trinuclear complex [Zn322] of the macrocycle with the tert-butyl 
substituents, while the mixed trinuclear complex containing both 
types of macrocycles was not observed (Fig. 1). In contrast, a 
similar synthesis with the mixture of 1 equivalent of H33 and 1 
equivalent of H31, i.e. macrocycles of the same chirality, resulted 
in a formation of the additional mixed trinuclear complex 
[Zn3(1)(3)] containing one macrocycle with methyl substituents 
and one macrocycle with tert-butyl substituents. These results 
clearly indicate that the trinuclear Zn(II) complex can be formed 
only if the two macrocyclic units are of the same chirality, which 
corresponds to enantiomeric self-recognition of macrocyclic 
ligands. Similar enantiomeric self-recognition of macrocylic units 
has been previously observed in the case of dinuclear 
lanthanide(III) complexes.[19]  
The mixed homochiral complex [Zn3(1)(3)] can be also 
observed in the 1H NMR spectrum, although in this case the 
similarity of the structures of the complexes makes the distinction 
of the respective signals difficult because one macrocyclic unit 
hardly senses the substituents on the other macrocyclic unit in 
the trinuclear complex. Thus most of the signals are overlapped, 
with the exception of the aromatic signals, where very small 
variations of the signals e.g. of macrocycle 3 in the [Zn332] and 
[Zn3(1)(3)] complex is observed (Figure S6).  
X-ray crystal structures of the [Zn3L2] complexes 
The molecular structure of the [Zn342] complex shows three Zn(II) 
ions sandwiched in between two deprotonated macrocycles 43-
(Figures 2, 3). The macrocycles adopt a cone conformation with 
the phenolic oxygen atoms of both macrocycles pointing towards 
the top of the cone and at the same time pointing to the metal 
ions. The two macrocyclic ligands are rotated by 60 degrees with 
respect to each other in such a way that the diaminocyclohexane 
fragments of one macrocycle are situated approximately above 
the phenolic fragments of the other macrocycle and the whole 
complex is of approximate C3 symmetry. This arrangement in 
combination with a cone conformation and close contacts 
between the two macrocycles results in meshing of the 
cyclohexane rings of the two ligands, as indicated by spacefill 
representation (Figure S7). The two macrocyclic units are held 
together by the Zn(II) ions. The Zn(II) ions are of highly distorted 
tetrahedral geometry with the ligand-metal-ligand angles ranging 
from 98o to 107o . Each Zn(II) ion is coordinated by neighbouring 
phenoxide oxygen atom and imine nitrogen atom of one 
macrocyclic unit and a similar pair of atoms from the other 
macrocyclic unit. In this way six of the imine nitrogen atoms of the 
two ligands are coordinated and point to the centre, while the 
other six imine nitrogen atoms are not coordinated and point 
outwards. This arrangement of nitrogen atoms is related to the s-
trans arrangement of the imine bonds connected to a given 
aromatic ring in agreement with the 1H NMR spectra. Similar 
conformation of imine bonds was observed in the free macrocycle 
H31
[20,21] or H33
[22]. The overall shape of this trinuclear complex is 
similar to that of the previously reported crystal forms of [Zn312] 
grown from methanol or chloroform[8] as well as the new crystal 
forms of [Zn312], grown from toluene or from the 
ethanol/dichloromethane mixture, reported here (Figure 3). This 
shape correspond to a barrel, whose walls are built up by the 
macrocyclic ligands and Zn(II) ions. There are however some 
slight variation in the shape of this barrel. In the case of [Zn342] 
and the forms of [Zn312] grown from chloroform or 
ethanol/dichloromethane mixture the structure is somewhat more 
opened because the aromatic rings are arranged in a cone 
fashion. In the case of crystal forms of [Zn312] grown from 
methanol or toluene these rings are arranged in a more cylindrical 
fashion which makes the “windows” of the cage narrower. The 
structure in the case of [Zn342] is also more open because of the 
less bulky methyl substituents (Figure 3). 
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The most striking feature of these trinuclear complexes is a 
kind of void present in these complexes thus making them 
container-like molecules. The inner cavity is large enough to 
accommodate small guest molecules such as solvent or gas 
molecules. Although the two crystal structures presented here 
and the two structures presented previously[8] show very similar 
molecular structures, the packing mode is in each case different. 
The molecules of the complex [Zn312] crystallized from methanol 
or chloroform are positioned in the crystal lattice on top of each 
other forming slanted layers. In this way, narrow channels are 
formed along the aligned barrel-shaped complexes as well as in 
between complex molecules (Figure 4). In contrast, the form of 
this complex grown from toluene corresponds to a more compact 
packing and the individual barrels do not line up to form channels 
(Figure 4). Yet another packing is observed in the case of [Zn342] 
where individual barrels do not line up, but channels are formed 
in between complexed molecules (Figure 5). 
 
 
Figure 2. Side view of the [Zn342] complex (crystal form grown from 
methanol/chloroform solution, solvent molecules omitted). 
 
Figure 3. Comparison of molecular structures (top views) of [Zn312] form grown 
from toluene (top), [Zn312] form grown from ethanol/dichloromethane (middle) 
and [Zn342] (bottom). 
 
Figure 4. Packing of crystal forms of [Zn312] grown from methanol (left), 
chloroform (middle) and toluene (right) viewed along the c axis direction 
(solvent molecules omitted). 
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Figure 5. Packing of crystal of [Zn342] viewed along the b axis direction (solvent 
molecules omitted). 
Gas adsorption properties of [Zn312] and [Zn342] 
The crystal structures of [Zn312] and [Zn342] indicate their intrinsic 
porous nature and suggest the possibility of gas adsorption. We 
found that single crystals of [Zn312] and [Zn342] lose solvent 
rapidly when handled in air, and the framework underwent a 
structural transformation upon the removal of the solvent 
molecules in the pores, which was indicated by the shift of the 
peaks and the change of their intensity in the PXRD patterns 
(Figure S8-S9). Such structural transformation caused by 
desolvation process could not be proved by the single-crystal X-
ray diffraction data due to the weak quality of crystals. To acquire 
complete solvent-free framework, as-synthesized samples of 
[Zn312] and [Zn342] were evacuated at ambient temperature for 24 
h, yielding samples [Zn312]act and [Zn342]act that have no guest 
within frameworks as confirmed by 1H NMR and TGA analysis 
(Figure S10-S11). The permanent porosity of the solvent-free 
structures of [Zn312]act and [Zn342]act were further verified by gas 
adsorption experiments using N2, Ar, H2 and CO2.  
At 77 K, the N2 adsorption isotherms of the [Zn312]act 
measured up to 1 atm displayed a particular step in the 
adsorption (Figures 6, S15). This isotherm showed very little N2 
adsorption at low pressure, followed by an abrupt increase at a 
gate-opening pressure[23,24] of ca. 0.02 atm, and a maximum 
uptake of 160 cm3g-1. The Brunauer-Emmett-Teller (BET) area 
and the total pore volume for [Zn312]act calculated from the N2 
adsorption isotherm are 610 m2g-1 and 0.24 cm3g-1, respectively. 
Such adsorption behaviours suggest the framework flexibility of 
the [Zn312] that appeared to be at a “gate closed” form after the 
removal of the guest molecules and underwent a structural 
transformation back to the “gate opened” form above the gate 
opening pressure. Similar behaviour has also been observed for 
adsorption experiment with Ar at 87 K (Figure S12). The 
abnormal deviations from the monotonous behaviour observed in 
Figures 6 and S12, are indeed also related to a gate-pressure 
effect. When the structure opens, it allows a very high uptake, 
decreasing the equilibrium pressure and resulting in a kind of 
“going back” section at the beginning of the plot. Similar artefacts 
have been reported previously for microporous inorganic-organic 
coordination polymers exhibiting gate-pressure effect.24 
Noteworthy, the observed pressure gating behaviour for [Zn312]act 
has not been reported before for any NPMs. 
 
0
40
80
120
160
200
0 0.2 0.4 0.6 0.8 1
N
2
U
p
ta
k
e
 (
c
m
3
S
T
P
/g
)
P/P0
0
20
40
60
80
0 0.005 0.01 0.015 0.02 0.025
N
2
U
p
ta
k
e
 (
c
m
3
S
T
P
/g
)
P/P0
 
Figure 6. N2 adsorption isotherm at 77 K in [Zn312]act. Inset shows the low 
pressure detail of the adsorption isotherm. 
We further investigated the crystal structure and adsorption 
properties of [Zn312] using molecular simulation. First, we 
prepared three different models for the material by: i) removing 
the solvent molecules of the crystalline structure without 
modifying the position of the atoms, [Zn312]act(empty); ii) 
performing a geometry optimization and energy minimization of 
the structure, modifying all the atomic positions without changing 
the unit cell parameters, [Zn312]act(*);
[25] and iii) performing the 
geometry optimization allowing changes in the unit cell, 
[Zn312]act(+). Second, we predicted the gas adsorption isotherms 
on these three rigid models by using grand canonical Monte Carlo 
(GCMC) simulations. Although GCMC simulations will not 
distinguish between open and closed porosity, it is a broadly used 
technique to characterize porous materials.[26] Figure S19 shows 
the simulated isotherms. The Type I isotherms do not show any 
gate-opening effects given the rigid character of the simulations. 
However, the maximum adsorption capacities decrease in the 
order: [Zn312]act(empty) > [Zn312]act(*) > [Zn312]act(+), i.e. when we 
allowed the optimization of the structure after evacuation of 
solvent molecules. This would confirm the existence of small 
flexibility in the structure that reduces the pore volume when 
removing guest molecules. Comparing with the experimental N2 
isotherm with the gate effect and given the simulated structural 
models, the porosity would be too narrow to allow N2 adsorption 
at 77 K initially, so additional N2 molecules and pressure are 
needed to open the porosity and to be absorbed in the structure. 
Gas adsorption of H2 at 77 K for [Zn312]act showed a Type I 
isotherm without any gate-pressure opening (Figure S13). The 
adsorbed amount of H2 at 1 atm is 71 cm
3g-1 (0.63 wt%). It can be 
rationalized that the narrow porosity of [Zn312]act is broad enough 
for H2 to diffuse through the network due to the small kinetic radii 
(1.42 Å).[27] Figure S14 shows the CO2 adsorption isotherms in 
[Zn312]act at 273 K. It shows a Type I isotherm with a total uptake 
of 7 wt % (36 cm3g-1 STP) at 1 bar.  
 GCMC adsorption isotherms for H2 using the different 
structural models of [Zn312]act at 77 K, showed uptakes between 
ca. 250 and 120 cm3g-1 STP at 1 atm. The highest uptake 
corresponds to [Zn312]act(empty), with the highest pore volume, 
whereas [Zn312]act(*) and [Zn312]act(+) give similar values. In a 
similar way, GCMC adsorption isotherms for CO2 at 273 K give 
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uptakes between ca. 160 and 62 cm3g-1 (STP). These large 
differences between gas uptakes when allowing structural 
changes suggest once more the importance of taking into 
account flexibility in these materials. 
In contrast to [Zn312]act, the N2 adsorption isotherm at 77 K for 
[Zn342]act revealed no significant uptake (Figure S15). This result 
is inconsistent with the GCMC isotherms on optimized materials 
(Figure S20), which again revealed Type I adsorption isotherms. 
Similarly, the H2 (77 K) and CO2 (273 K) adsorption isotherms 
revealed no significant uptake up to 1 atm of pressure (Figure 
S16-S17). This different behavior strongly suggests that [Zn342]act 
shrinks either to a closed-porosity or nonporous form through the 
guest removal treatment. GCMC for isotherms for N2, H2, and 
CO2 at 77 K and 273 K, respectively, show once more large 
variations in gas uptakes. These changes go up to an 85 % 
reduction for N2 at 77 K. 
Comparison of the structures of the hydrogen-bonded 
dimers of the free macrocycle H31 with the trinuclear 
Zn(II) complex [Zn312] and the gas adsorption properties 
of the free 3+3 macrocycles. 
The molecular structure of the 3+3 macrocycle H31,
[20, 21] 
bearing tert-butyl substituents is similar to that of the 3+3 Schiff 
base H33,
[22] bearing methyl substituents. There are, however, 
striking differences in the packing of H31 macrocycle crystallized 
from acetonitrile[20,21] and H33 macrocycle crystallized form 
DMF[22]. While the latter forms pairs where one macrocycle act as 
a host for the aromatic fragment of the other macrocycle, the 
former macrocycle forms pairs held by hydrogen bonds. The 
hydrogen bonded dimers of H31 form a cavity, whose shape and 
size is almost identical to that formed by the two macrocyclic units 
in the [Zn312] trinuclear complex (Fig. 7). The crystal structure of 
the H31 macrocycle crystallized from acetonitrile exhibit also a 
very interesting packing mode indicating the presence of two type 
of channels. One type of channels is formed by the joined 
interiors of the aligned barrel-shaped hydrogen bonded dimers. In 
addition, much larger channels are formed in between the 
macrocyclic units (Fig. 8), corresponding to an extended quasi-
honeycomb network with 1D open tubular channels. 
This type of crystal structure of the free ligand indicates the 
possibility of sorption of gas molecules. Unfortunately, the amount 
of crystals H31 obtained from acetonitrile by slow evaporation was 
not sufficient to perform the gas sorption studies. Instead, we 
have studied the amorphous/microcrystalline form of this 
macrocycle precipitated from the same solvent directly in the 
synthesis process.  
Nitrogen adsorption was measured for the activated sample 
of H31
 at 77 K. Similarly to [Zn312]act, the adsorption/desorption 
behaviour in H31 also provides evidence of framework flexibility. 
As shown in Figure 9, a large step in the adsorption isotherm 
occurs near P/Po = 0.5, and a large hysteresis loop develops on 
the desorption branch. In terms of quantities adsorbed, H31 
adsorbs slightly more H2 (75 cm
3g-1 STP, 0.66 wt. % at 77.3 K, 1 
atm; (Figure S18) than the [Zn312]act. Again, GCMC simulations 
on the activated sample show the existence of open porosity in 
the material (Figure S21). Surely, the removal of solvent 
molecules causes a change in the structure that impedes the N2 
molecules to be adsorbed at 77 K until reaching the gate 
pressure. 
 
Figure 7. Comparison of the side and top views of the hydrogen-bonded dimer 
of free macrocycle H31 (left) with the trinuclear complex [Zn312] (right)  
 
Figure 8. Comparison of the packing of crystals of H31 grown form acetonitrile 
(top) with that of crystal of [Zn312] grown from methanol (bottom), solvent 
molecules omitted, a single macrocyclic dimeric (H31)2 unit or [Zn312] molecule 
indicated in green. 
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Figure 9.  N2 adsorption-desorption isotherms at 77 K for H31. 
Binding of chiral alcohols 
The chiral nature of the studied enantiopure zinc cages and 
the binding of small solvent and gas molecules demonstrated 
above indicate the possibility of enantioselective binding of small 
chiral guests. As the object of preliminary investigation of such 
interactions we have chosen the binding of selected chiral 
alcohols by [Zn312] and [Zn322]. In particular the X-ray crystal 
structure of the crystalline form of [Zn312] obtained by slow 
evaporation of the mixture of benzene and racemic 2-butanol 
confirms selective binding of the enantiomers of this chiral alcohol. 
In this form of the [Zn312] cage with all-R chirality at the 
cyclohexane carbon atoms the interior is occupied by the S-
enantiomer of sec-butanol (Figures 10, S21). In the [Zn312(S-
CH3CH(OH)CH2CH3)] complex the alcohol molecule is held by 
week coordination bond. One of the zinc(II) ions is five-coordinate 
and is bound to the oxygen atom of 2-butanol, while the other two 
zinc(II) ions remain four-coordinate (Figures 10, S21). Despite 
this, the overall shape of the cage is little changed in comparison 
with the native forms crystallized from chloroform, methanol or 
toluene. The main difference is the expansion of the phenolate 
oxygen – zinc – phenolate oxygen angle to the value of 155.6(2)o 
for the five-coordinate Zn(II) in comparison with the values of 
128.2(2)o and 131.3(2)o observed for the two four coordinate 
Zn(II) ions. This expansion results from the fact that the available 
site for coordination of additional ligand in the interior of the cage 
is in between the phenolate oxygen atoms. However the cage is 
rather stiff and the flexibility of the coordination sphere around 
Zn(II) atoms is for this reason limited. As a consequence, the 
binding of additional alcohol molecule results in unfavorable small 
angles formed by alcohol oxygen – zinc – phenolate oxygen 
atoms, equal to 81.7(2)o and 79.3(2)o, as well as in formation of 
highly distorted coordination sphere around five-coordinate 
zinc(II) ion, which is neither square pyramidal nor trigonal 
bipyramidal. This irregular geometry is also reflected by the value 
of the index of trigonality[28] equal to 0.405 ( = ( – )/60o, 
where  and  are the two largest angles in the coordination 
sphere around the penta-coordinate Zn(II)). The limit values of  = 
0 corresponds to an ideal square-pyramid ( =  ~ 180o ) and  = 
1 to an ideal trigonal-bipyramid ( = 120o and  = 180o). The bond 
formed by the zinc(II) ion and alcohol hydroxyl oxygen is relatively 
 
 
Figure 10. Top and side view of the [Zn312(S-CH3CHOHCH2CH3)] cage with the 
coordinated (S)-2-butanol molecule in spacefill representation.   
long and is equal to 2.252(6) Å, indicating relatively weak 
interaction. 
The molecules of [Zn312] in this crystalline form containing 
(S)-2-butanol align themselves on top of each other to form 
channels running in two directions – one along the 
crystallographic a axis and the other along the b axis. The crystal 
contains additional sec-butanol molecules that fill the space in 
between the cage molecules, some of them highly disordered. 
Thus apart from one molecule of (S)-2-butanol bund in the center 
of the zinc cage there are additional three refined molecules of 
this alcohol, which also correspond to the S-enantiomer (Figure 
S22). The amount of obtained [Zn312(S-CH3CH(OH)CH2CH3)] 
crystals was too small to determine the ee (enantiomeric excess) 
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value On the other hand, the ee values obtained for the bulk 
samples obtained after the contact of the dried [Zn312] with its 
saturated solution in racemic 2-butanol were so far 
disappointingly low (13%). It seems that the different packing of 
the various forms of [Zn312], in combination with the presence of 
many alcohol molecules in the space in between the cage 
molecules, strongly affects enantioselectivity. 
Enantioselective binding of chiral alcohols such as 2-butanol 
in the solid state was previously observed for metallomacrocyles 
and other materials[29]. We were interested whether in our case 
the different interactions of the enantiomers of chiral alcohol with 
the chiral cage complex operate on the level of crystalline solid 
only, or they occur also at molecular level in solution. For this 
purpose the interactions of chiral alcohols with [Zn312] and [Zn322] 
have been studied in solution by using NMR spectroscopy. These 
cage compounds turned out to be NMR chiral shift agents for 2-
butanol, 2-pentanol, 1,2-butanediol, 1,3-butanediol and 1,2-
propanediol (Figures 11, 12, S23-27). For instance the addition of 
increasing amount of [Zn312] to the solution of 2-butanol in 
deuterated toluene or benzene results in gradual splitting of NMR 
signal of the methyl group in position 4 (Figure 11). Similar, albeit 
smaller splitting was observed also for the signal of methyl group 
in position 1 (Figure 12). This splitting most likely results from the 
binding of the alcohol enantiomers by [Zn312] and the presence of 
two diastereomeric forms of host-guest complex. In order to verify 
whether this splitting effect is really due to spectroscopic 
enantiodiscrimination of 2-butanol molecules, similar 1H NMR 
spectra were recorded in the presence of enantiopure (R)-2-
butanol and non-racemic mixtures of the R and S enantiomers 
(Figure 12). For the pure R enantiomer of alcohol no splitting of 
the methyl signals was observed, thus confirming the different 
interactions of the two isomers of 2-butanol with [Zn312]. The  
A
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Figure 11. The signal of methyl group CH3CH(OH)CH2CH3 of racemic 2-butanol 
(50 mM solution in toluene-d8) in the presence of: 0, 0.016, 0.033, 0.069 and 
0.09 equivalents of [Zn312] cage, traces A, B, C, D and E, respectively. 
[ppm] 0.95  0.90  0.85  0.80 
A
B
C
D
1-Me 4-Me
R
R R
R R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
S
S
S
SS
S
S
S
S
S
S
S S
SS
 
Figure 12. The signal of methyl groups of 2-butanol (80 mM solution in 
benzene) in the presence of 0.066 equivalents of [Zn312]: A – pure R-isomer of 
2-butanol, B – 2:1 ratio of R to S enantiomers, , B – 5:1 ratio of R to S 
enantiomers, D – racemic alcohol. Labels R and L indicate the signals of the 
respective enantiomers of 2-butanol. 
 
diastereomeric host-guest interaction being the origin of the 
observed splitting is also in accord with the correspondence of 
the split signal of the [Zn312]/racemic 2-butanol system to the sum 
of signals of the diastereomeric systems [Zn312]/(R)-2-butanol 
and [Zn322]/(R)-2-butanol (Figure S23). Similar splitting effects 
were observed for the solutions in deuterated chloroform, 
although in this latter solvent the splitting of the signals was 
smaller, indicating less effective competition of the alcohol 
molecules with the solvent molecules for the interior of the cage. 
The splitting of 1H NMR signals of methyl groups was observed 
also for 2-pentanol and chiral diols (Figures S24-27). In all cases 
studied here, the character of spectral changes observed after 
addition of alcohols indicate a fast chemical exchange between 
the alcohol molecules bound within the interior of the cage and 
the alcohol molecules present in bulk solution. This, together with 
the relatively small value of enantiomeric splitting, indicate that 
the binding of the alcohol molecules is not very strong. This 
conclusion is in agreement with the unfavorable coordination 
sphere of the five-coordinate Zn(II) ion observed in the crystal 
structure of the sec-butanol adduct. 
Conclusion 
The 3+3 “calixsalene” Schiff base macrocycles H31 – H34 readily 
form 2:3 [Zn3L2] complexes in a reaction with zinc(II) acetate. In 
the case of [Zn312] the same product can be obtained in good 
yields directly from zinc(II) acetate, 2,6-diformyl-4-tertbutylphenol 
and 1,2-diaminocyclohexane precursors. In this template reaction 
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the size of the formed macrocyclic ligand depends upon the 
amount of Zn(II) template; 2+2 product is formed in a 2:2:2 
reagent ratio, while 3+3 product is formed in a 1:2:2 reagent ratio. 
In the case of analogous template reactions of 2,6-diformyl-4-
methylphenol similar tendency is observed, although the 
formation of 3+3 product is much less pronounced. In the [Zn3L2] 
complexes the two macrocycles and the rim of three Zn(II) ions 
form a kind of barrel with the interior occupied by solvent 
molecules. Strikingly similar cage-type structure is observed in 
the solid state for the two macrocyclic units of H31 connected by 
hydrogen bonds. The formation of these complexes is 
accompanied by enantiomeric self-recognition of the chiral 
macrocyclic units. After removal of solvent molecules the tert-
butyl derivative [Zn312] exhibits remarkable gas sorption 
properties and unique for NPMs gate-pressure effect. In contrast, 
the gas sorption by the methyl derivative [Zn342] is negligible, 
despite similar molecular structure of these two complexes. This 
difference is a result of different packing of individual cage 
molecules in the respective crystals. The preliminary study of 
binding of chiral alcohols by these trinuclear Zn(II) cages indicate 
enantioselective guest binding; further research along this line is 
currently in progress. 
Experimental Section 
Synthesis  
H31 ,H32 , [Zn312] and [Zn322] have been obtained as described in the previous 
communication.
[8]
 The macrocycle H34 has been obtained in analogous way to 
the reported synthesis of H33
[30]
 starting from (1S),(2S)-trans-
diaminocyclohexane.  
[Zn342]·3CH3OH: The suspension of 154 mg of H34 (0.2 mmol) in  6 mL of 
methanol was combined with 66 mg of Zn(CH3COO)2·2H2O (0.3 mmol) and the 
mixture was stirred at room temperature for 1 hour. The yellow suspension was 
filtered, washed with 1 mL of methanol and dried. Yield 60 mg, 34%. 
1
H NMR 
(500 MHz, CDCl3, =7.26 ppm):  =0.84 ppm (m), 1.15 (m), 1.27 (m), 1.58 (m), 
1.67 (m), 1.82 (d, J=10.8Hz), 3.29 (m), 3.76 (m), 6.85 (d, J=2.0 Hz), 7.67 (d, 
J=2.0 Hz), 8.02 (s), 9.50 (s); ESI/MS: m/z (%): 1643.5 [Zn332H
+
], elemental 
analysis calcd (%) for C93H114N12O9Zn3: C 64.19, H 6.60, N 9.66; found: C 64.11, 
H 6.47, N 9.84. 
[Zn332]·3CH3OH has been obtained in analogous way as [Zn342]·3CH3OH  
starting from H33. 
[Zn26(AcO)2]·H2O: 2,6-diformyl-4-methylphenol (100mg, 0.609 mmol) was 
dissolved in 25 mL of methanol and combined with solid Zn(CH3COO)2·2H2O 
(135mg, 0.609 mmol) and a solution of (1R),(2R)-trans-diaminocyclohexane 
(92mg, 0.609 mmol) in 25 mL of methanol. The mixture was refluxed for 1h, 
cooled down and the formed precipitate was filtered, washed with methanol and 
dried in vacuum. Yield 110 mg, 51%. 
1
H NMR (500 MHz, CDCl3):=1.48 (m), 
1.69 (m), 1.74  (m), 2,01 (d, J=7.3 Hz), 3,40 (s), 4,04 (s), 7,17 (s), 8,26 (s) 
ESI/MS: m/z: 671,13 [C30H34N4O2Zn2CH3COO
+
], elemental analysis calcd 
(%) for C34H42N4O7Zn2: C(54.48) H(5.65) N(7.47); found: C (54.44) H(5.58) 
N(7.24).  
Methods 
The NMR spectra were measured on Bruker Avance 500 spectrometer. The 
positive-mode electrospray mass spectra of methanol solutions of the 
complexes were obtained using Bruker microOTOF-Q instrument. The CD 
spectra were measured on Jasco J-715 Spectropolarimeter. The elemental 
analyses were carried out on a Perkin-Elmer 2400 CHN elemental analyzer. 
Molecular Simulations 
Structural models of the porous structures were obtained from [Zn312] and 
[Zn342]. The lattice parameters were initially not modified ([Zn312]: a = Å, b = Å, 
c = Å; [Zn342]: a = Å, b = Å, c = Å). Thereafter, the structures were subject to 
geometry optimization based on molecular mechanics calculations, modifying 
all the atomic positions. Three models were prepared for [Zn312] by: i) removing 
the solvent molecules of the crystalline structure without modifying the position 
of the atoms, [Zn312]act(empty); ii) performing a geometry optimization and 
energy minimization of the structure, modifying all the atomic positions without 
changing the unit cell parameters, [Zn312]act(*); and iii) performing the geometry 
optimization allowing changes in the unit cell [Zn312]act(+). Three analogous 
structures were obtained for [Zn342], plus two additional ones, without and with 
energy minimization: [Zn312]act(UFF*) and [Zn312]act(UFF+) respectively, where 
the lattice parameters were obtained from indexing the experimental powder X-
ray diffraction pattern of [Zn342]act. These calculations were performed with the 
Forcite module of Materials Studio, using an algorithm that is a cascade of the 
steepest descent, adjusted basis set Newton − Raphson, and quasi-Newton 
methods. The bonded and the short-range (van der Waals) nonbonded 
interactions between the atoms were modelled using the Universal Force Field 
(UFF). In UFF, bond stretching is described by a harmonic term, angle bending 
by a three-term Fourier cosine expansion, torsions and inversions by cosine-
Fourier expansion terms, and the van der Waals interactions by the Lennard-
Jones (LJ) potential. A cut-off distance of 12 Å was used for the LJ interactions. 
The long-range, electrostatic, interactions, arising from the presence of partial 
atomic charges, were modelled using a Coulombic term. The Ewald sum 
method was used to compute the electrostatic interactions. Partial atomic 
charges were derived from the charge equilibration method (QEq) as 
implemented in Forcite.  
The adsorption of N2, CH4, CO2 and H2 was investigated using grand canonical 
Monte Carlo (GCMC) simulations, performed with the in-house multi-purpose 
code RASPA.
[31] 
Quantum diffraction effects using Feynman-Hibbs corrections 
were used in the simulations of H2.
[32]
 We used a rigid atomistic model for all the 
structures, in which the framework atoms were kept fixed. Solid-fluid and fluid-
fluid interactions were calculated using a Lennard-Jones (LJ) + Coulomb 
potential. LJ parameters for the framework atoms were taken from the Universal 
Force Field (UFF),
[33]
 the N2, CH4 and CO2 LJ parameters from the TraPPE 
force field,
[34]
 and the H2 LJ parameters were taken from an empirical model for 
H2.
[35] 
Lorentz-Berthelot mixing rules were used for all cross terms, and LJ 
interactions beyond 12 Å were neglected. Coulomb interactions were calculated 
using partial charges on the framework atoms (as described in Section S1) and 
H2 charges taken from the Darkrim-Levesque
[36] 
model. The Ewald sum method 
was used to compute the electrostatic interactions. 6·10
4
 Monte Carlo 
equilibration cycles were performed plus 4·10
4
 production cycles to calculate 
the ensemble averages. In one cycle, an average of N moves were performed, 
where N is the number of molecules in the system (which fluctuates in GCMC). 
Monte Carlo moves used with equal probability were translation, rotation, 
insertion, deletion, and random reinsertion of an existing molecule at a new 
position. To calculate the gas-phase fugacity, we used the Peng-Robinson (PR) 
equation of state (EOS).
[37] 
The pore volume, used to compute excess 
adsorption from the simulated absolute adsorption, was obtained using a 
Widom particle insertion method, by probing the structure with a helium 
molecule at room temperature, recording a large number of random points not 
overlapping the van der Waals volume of the framework.
[38] 
X-ray crystallography  
Single crystals of Zn342 were grown from methanol/chloroform solution(I, 
tetragonal, P43212), the new modifications of  Zn312 crystals were grown from 
toluene (II, monoclinic, P21), ethanol/dichloromethane (III, trigonal, P32) or 
benzene/racemic 2-butanol solution (IV, trigonal, P32)  and the crystals of H31 
were  grown from acetonitrile solution (V, hexagonal, P6322).  X-ray single 
crystal data collection was performed using graphite monochromatic MoK 
radiation on a four-circle  geometry KUMA KM-4 diffractometer with a two-
dimensional area CCD detector at 100(2)K. The -scan technique with  = 
1.0
o
 for each image was used for data collection. One image was used as a 
standard after every 50 images for monitoring of the crystals stability and the 
data collection. No correction on the relative intensity variations was necessary. 
Data collections were made using the CrysAlis CCD program 
[39]
. Integration, 
scaling of the reflections, correction for Lorentz and polarisation effects and 
absorption corrections were performed using the CrysAlis Red program 
[39
]. The 
structures were solved by the direct methods using SHELXS-97 and refined 
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with anisotropic displacement parameters using SHELXL-97 program 
[40]
. The 
hydrogen atoms were introduced in their geometrical positions and refined with 
isotropic displacement parameters.  Some of the solvent molecules, i.e. toluene 
in the crystal I, methanol and water in the crystal II, ethanol and 
dichloromethane in the crystal III, 2-butanol in crystal IV were  possible to be 
localised, and they were refined. The rest of the solvent molecules in I-IV and all 
acetonitrile solvent molecules  in the crystal V are highly disordered. Correct 
modelling of the disorders was not possible and we proceeded to a “squeeze” 
treatment to remove the scattering contribution of these molecules, which could 
not to be satisfactory modelled.  The final difference Fourier maps showed no 
peaks of chemical significance. Details of the data collection parameters, 
crystallographic data and final agreement parameters are collected in Table 1. 
Visualizations of the structures were made with the Diamond 3.0 and Mercury 
3.5 programs 
[41,42]
. CCDC 1056109, 1056110, 1056111, 1419795 and 1056112 
contain the supplementary data for crystals I, II, III, IV and V. These data can be 
obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data request/cif. 
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Table 1. Crystal data and final refinement parameters for I-IV crystals. 
 
Crystal I II III IV V 
Compound Zn342 Zn312 Zn312 [Zn312(S-butanol-2] H31 
Crystallization 
medium 
chloroform/metha-
nol 
toluene ethanol/dichloro-
methane 
benzene/2-butanol acetonitrile 
Formula C97H136N12O17.5Zn3 C129H174N12O9Zn3 C108H138N12O6Zn3 C124H178N12O10Zn3 C54H72N6O3 
Mol. weight 1946.29 2232.90 1896.41 2192.89 853.18 
Crystal System tetragonal monoclinic trigonal trigonal hexagonal 
Space Group P43212 P21 P32 P32 P6322 
a, [Å] 30.7617(8) 17.1927(5) 17.5761(3) 18.0892(3) 18.6583(7) 
b, [Å] 30.7617(8) 20.4415(6) 17.5761(3) 18.0892(3) 18.6583(7) 
c, [Å] 11.0198940 18.9242(6) 38.2192(10) 38.3863(10) 22.1979(10) 
α,β,γ [
o
] 90/90/90 90/101.57(1)/90 90/90/120 90/90/120 90/90/120 
V [Å
3
] 10427.8(5) 6515.7(3) 10224.9(4) 10877.9(4) 6692.5(5) 
T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 
λ, MoKα 0.71073 0.71073 0.71073 0.71073 0.71073 
Crystal Size 0.33×0.31×0.25 0.28×0.23×0.21 0.38×0.32×0.24 0.32×0.27×0.21 0.37×0.32×0.24 
μ, [mm
-1
] 0.751 0.605 0.567 0.543 0.053 
Θ range [
o
] 2.71 ÷ 28.91 2.89 ÷ 33.66 2.82 ÷ 28.50 2.81 ÷ 28.8 2.85 ÷ 30.0 
Tmin./Tmax. 0.7916/08411 0.8554/0.8914 0.7620/0.8393 0.8565/0.9062 0.9833/0.9894 
Refls collceted 38003 70466 86371 79126 83536 
Independent refls 12359 40183 36528 34668 10888 
Observed refls 
[I>2ϭ(I)] 
 
9155 
 
21233 
 
20214 
 
17415 
 
5680 
Rint 0.0639 0.0739 0.0604 0.0704 0.0712 
L. S. parameters 603 1387 1154 1371 194 
R1 [I>2ϭ(I)] 0.0763 0.0637 0.0646 0.0868 0.0684 
wR2 (all refls) 0.1743 0.1217 0.1407 0.1757 0.1289 
S 0.994 1.002 0.984 0.938 1.001 
Flack parameter 0.057(14) 0.010(6) 0.027(8) 0.027(11) -0.01(2) 
Largest diff peak 
and hole [eÅ
-3
] 
0.782 and  
-0.471 
1.083 and  
-0.580 
0.347 and  
-0.209 
1.275 and 
-0.704 
0.226 and  
-0.126 
 
R1=ΣΙΙFoΙ–ΙFcΙΙ/ΣΙFoΙ;
 
wR2={Σ [w(Fo
2
–Fc
2
)
2
]/ΣwFo
4
}
½
; w
–1
=1/[σ
2
(Fo
2
) + (aP)
2 
+bP
 
] where a=0.09 and b=4.9074 for I, a=0.0295 and b=0 for II,  
a=0.0430 and b=0  for III, a=0.010 and b=0.0 for IV and a=0.0390 and b=0  for V  and P = (Fo
2
 + 2Fc
2
)/3. 
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